This work presents the design, analysis, simulation and modeling of a high-torque low-speed multi-phase permanent magnet brushless machine. The machine fits an in-wheel motor arrangement to be used for electric vehicle applications. The paper presents issues regarding the high level modeling comprised of a transient model in conjunction with their corresponding experimental evaluation. Analysis was made to put together the modeling ef f orts with the expected behavior concerned with mutual inductance and armature reaction effects, so as to have realistic simulation results verified by the experimental set-up. Comprehensive experimental results corroborate the work.
Introduction
Elec1ric vehicle propulsion systems have being historically driven by two distinct threads, because there are basically two ways to achieve high power density and high.:efficiency drives. A first way is to employ high-spee d motors; so that motor volume and weight will then be greatly reduced at the same rated output power. However, mechanical losses are incurre d by the clutch, reduction and differential gear during power tranSmission from the motor to the wheels. Increasing motor speed may reduce the size and weight of the elec1ric motor but the corresponding values for the mechanical gearbox are likely to grow. The second thread for propulsion is to employ high-torque low-speed motors, which can directly drive the wheels [1] [2] . One standard solution is to connect a machine outside the hub so as to avoJd unsprung mass effects on the suspension system. A high�torque low-speed in-wheel motor may be implemented in sevetal topologies, but permanent magnet brushless (PMB) machines are preferable due to the higher efficiency.
_"
This paper describes the design of a PMB direct-driven wheel motor drive system comprising a multi-phase multi-pole topology controller. It is presented the high level modeling, where a general dynamic model for multi-phase BPM in conjunction with the corresponding inverter is used to simulate the system. Experimentation and static evaluation were sought to fully complement the equation parameters.
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Motor Description and Specifications
Fi g. 1 indicates a radial flux based motor. There are some advantages in radial flux motors [3] : higher field intensity across the stator windings due to a better magnetic path and utilization of standard rectangular magnets that are easier to handle (arc-shaped rare-earth magnets are difficult to make).
Great progress regarding available energy density has been achieved with the development of rare-earth permanent magnets; the latest grades of NdFeB have good thermal stability, enabling an increase in working temperature up to 100°C, larger coercitivity, and corrosion resistance due to its coating protection.
Several advantages of high phase drives have been already reported in the literature [4] [5] [6] , such as reduction of amplitude of pulsating torque and increased pulsating frequency easily filtered out by high inertia app lications, reduction of rotor harmonic curre nts, reduction of curren t per phase for the same rated voltage, lowering the dc-link curren t harmonics and higher reliability [7) . A high number of phases increases the torque per ampere ratio for the same machine volume. A multi-phase drive is likely to be limited to specialized applications where high reliability is demanded such as EV, HEV, aerospace, ship propulsion and high power applications where the requirements are not cost oppressive when compared to the overall system.
Even though a higher number of phases would yield a smaller magnetic yoke and decreased volume and weight, the number of poles is restricted physically to the permanent magnets area and the rotor diameter [8] . High number of poles is required in the design of a high-torque low-speed machine. Several trade-off fundamental electromagnetic design studies were considered before the construction of the present machine, which ended up in having ten poles and five phases. Sizing and power density issues depend on very complex relationships [4] [5] . In general, if stator leakage inductance and resistance are neglected, the output power for any machine can be expressed as:
where m is the phase number, and the EMF eft) and E"k are the phase air-gap EMF and its peak value, i(t) and Irk are the phase curre nt and its peak phase curre nt, T is the period of one cycle of the EMF, the factor Kp is the electrical power waveform factor. Equ. (1) shows that a higher number of phases allow higher power density. Fig. 1 (a) shows the rotor, an external yoke made of SAE 1010 stee l with 275 mm of extemal diameter with magnets bonded on the intemal surface making up the poles each 60 x-80 x 5 mm. Fig.  I (b) shows the stato r, the lamination was made with CoS coating fully processed steel with 1.58 watts/lb losses. The core lams were welded and the lamination package was cut with a' CNC wire-elec1ro-erosion machine. Since eaclicoil of the winding must link 1he flux of one pole, 60 total slots, with 12 coils for each phase, were used to accomm odate the five phases along the rotor perimeter. Therefore, for each pole there are five slots to hold the windings (a higher number of slots would decrease the wire gauge leading to small er rated curren t and torqUe)! ,�each slot has two coils in a double-layer lap winding constructirin. Fig. 2 The air-gap (1.5 mm) has unifOIlD flux distribution with small leakage between poles. Just as in any' milchin.e, the interacti on between 1he flux imposed by the pennanent magIletand the magnetic flux dictated by the stator coils createS-the � torque .
. With a shaft-position optical sensor, the motor phase wfudings are excited sequentially in such a fashion to produce the desired torque and spee d. The optical position.system addresses to a look-up table which phase is 90 electrical degree s apart the beginnin g of the pair of poles. Such phase is tumed-on, at the same time that one coil (which is just leaving the polar section) is tumed-off (such winding is kept off until it. gets to be 90 electrical degrees apart for the next polar section), Fig. 3 illustrates the phases timing, depicting the trapezoidal back.E� due to the pennan ent magnet flux and the curre nts which m1l;St be commanded by the position sensor to be ideally iIrphase Wlth the back-EMF voltages. , .
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Modeling Development
Previous sections emphasized that the primary use for the present motor is in high bandwidth systems (in-wheel motor for traction, intelligent steerin g, adaptive cruise control and intelligent traDsportati on gystems). Therefore,a preeminent model must be developed. for the present machine, which can help to devel�p advance control strategies . In order to develop a useful dynamic model the first concern was to eliminate the saliency (cogging) torque in this motor. Torque is generated by two distinct mechanisms, if self inductance changes as a function of position, reluctance torque is generated, 'if mutual inductance changes as a function of position, mutual or aligriment torque is generated. The most common parasitic torque developed is call ed cogging torque, which is due to slotting on the stator. Cogging torque is the primary ripple component in the torque generated by a motor. In addi tion to cogging, there are a number of other sources of reluctance torque in a mutual torque motor, due to inevitable mechanical imperfec�ons such as eccentricities and dimensional variations. Fig. 4. (a) shows the cogging torque distribution �e to the interaction betwee n the rotor magnets and the stator saliency with peak value proportional to the square of the air gap flux, it increases and decreases linearly with the variation of the air gap reluctance with the electrical angle. Fig. 4 (b) compares the experimental cogging torque with flat slots against the cogging toque with skewed slots (very small ). Skewing attempts to reduce cogging torque by making the derivative of the reluctance zero over each magnet face. The primary penalty of skewing is that it reduces the total flux linked to the stator winding and consequently ihe rated power, the clear advantage is that our modeling and control efforts will not need to deal with such effect As result, the mathematical modeling of the motor will be concerned only with lumped electromagnetic and circuits issues. 
where: Because the poles are not salient, the flux is homogenous along the air-gap and the inversion is required just once [13] . Therefore, the same fourth-order system is equivalent every 36 electrical degrees, as long as the equations have their variables redefined in. accordance to the curren ts which . are flowing, and the four integrator initial conditions are introduced from the previous stage, i.e., each stage has its own curren t matrix, back-emf matrix, mutual matrix, transistor and diode drop matrix.
The armature reaction is fundamentally necessary to have a more realistic system response. Fig. 7 shows how the actual air-gap back-emf is composed by the addition of a trapezoidal norma1ized function due the permanent magnet induced motional voltage (r co ) added to a triangular norma1ized function for the armature reaction voltage (Ac). Therefore, two assay sets for back-emf were required: (1) open-circuit back-emf in the whole speed operating range and (2) full-loaded machine to obtain the armature reaction. The first assay was done 6y rotating the fi ve phases BPM machine like a generator in open-circuit (with a dc-motor conn ected on the shaft). Fig. 8 sh�ws ,the trape�idal back-emfwaveform, which was acquired, and'a look-up table was made to emulate such response, Fig 8 (b) shows the experimental measurement of the constan K,.. Conn ecting resistive loads on the five-phases BPM was the next assay; the BPM machine was rotated for the full-range of the operating speed. The trapezoidal waveform was by its turn distorted 1i1ce Fig. 9 , the amplitude of such distortion was proportional to the curren t, as depicted on Fig.  9 (b) by the constant Ka obtained experimentally. A torque equation is required to complete the model. Under the energy modeling point of view the induced voltage by the changing electromagnetic stored energy (back-emf) delivers mechanical energy. Thus, the torque for the fi ve phases BPM machine has to account the air-gap fl ux distortion by the armature �on as shown in Equ. (7): 
Experimental Validation Results
The experiments were conducted to validate and refine model requirements.
Parameter measurements and back-emf characteriza tion did not need inverter control. On the other hand, the comparison of simulation to the experimental curren t time responses demanded electronic control for the fi ve phases inverter (shown in Fig. 5 ). The electrical diagram for the inverter control is depicted in Fig. 11 . A disc composes the comm utator with four optical sensors in Gray code confi guration detecting the 36° positioning of the phases to be switched -. such Gray code addresses an EPROM that comman ds the phases to be turned ON. The disc is regulated mechanically to have comm utation pulses 90 degree s apart from the winding. which is being .turned on. An analog pulse width modulation (PWM) scheme commands all the five phases, allowing a scalar based curren t control.. An advanced DSP based control system is under development and closed-loop torque control system and electronic angle advancing will be reported Model accuracy must be observed in open loop in order to verifY the distortions, which inf l uence the system. Therefore, the following simulation and experimental validation results have been studied for the present machine without current control, (only imposing pulse width modulation scheme for·the inverter). Fig. 12 presents the simulation results with the sjmplest model based on the formulation of Equ. (2) where only the self-inductance and back-emf were taken in account for the machine. The curre nt response is exponential with rise-time dictated by the long RL time constant, showing that for high speed (550 rpm) there is no time for steady-state establishment. Even though such model has been derived from the electrical equivalent circuit, the instantaneous actual curr ent is much more complex. Therefore, the mutual inductance based model has been implemented based on the formulation of Equs. (3), (4), (5), (6) and (7). The incorporation of armature reaction in the model deforms the instantaneous back-emf, Fig. 13 shows the simulation results for such model, Fig. 13 (a) presents the effect of the mutual inductance, and Fig. 13 (b) shows the armature reaction effect on the curre nt waveform. Even though the curren ts are quite distorted, the experimental results depicted in Fig. 14 quite corro borate those simulation responses. One can compare both figures to observe the curren t changing from a definite shape in low speed to a more complex rise time due to the armature reaction, followed by a spike and an abrupt fall time at the curren t trailing edge due to the armature reaction reduction on the back-emf. Fig. 15 shows a family of curves for the machine operating in open loop depicting the curren t phase peak on horizontal axis and the PWM duty.:cycle on the vertical axis for a range of rotor speed. Such diagram is very important to understand how the machine operates and how a closed-loop torque control will act (which is the next phase of this project). loop control (presently under. hardware constructi on) will be implemented and tested in a dynamometer workbench integrating the in-wheel machine with a de-machine acting as a load.
